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INTRODUCTION

Like many other biological sciences, the study of micro-
biology has encompassed phases of “reductionism” and
“holism.” For a long time, microbiologists took the reduc-
tion approaches to study individually isolated bacterial col-
onies from complex microbial communities and to analyze
individually isolated bacterial genes from complex microbial

genomes, hoping to understand the whole by examining
smaller and smaller components (Fig. 1). While reduction-
ism has greatly advanced microbiology in the past 400 years,
assembly of smaller pieces just could not explain the whole!
Recognizing that the whole is more than the simple sum of
its parts, modern microbiologists are learning “system think-
ing” and “holism.” From global gene regulation to meta-
genomics to biofilms, microbiology is experiencing a new
trend that emphasizes interactions of different elements
within a community. Such an approach is changing our un-
derstanding of microbial physiology and our ability to diag-
nose/treat microbial infections. This review uses oral micro-
bial communities as a focal point to describe this new trend
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and discuss its possible impact on future studies in micro-
biology.

With the common name “dental plaque,” oral microbial
communities are some of the most complex microbial floras in
the human body, consisting of more than 700 different bacte-
rial species (1, 155, 157). Extensive clinical studies have indi-
cated that the oral microbial flora is responsible for two major
human diseases: dental caries (tooth decay) and periodontitis
(gum disease) (28, 119, 128, 148, 188). For a very long time,
oral microbiologists endeavored to use reductionism to iden-
tify the key pathogens responsible for oral microbial pathogen-
esis (43, 67, 184). The limitations of reductionism forced sci-
entists to begin adopting new strategies using emerging
concepts such as interspecies interaction, microbial commu-
nity, biofilms, polymicrobial disease, etc. These new research
directions made oral microbiologists truly appreciate the fact

that the whole is much more than the simple sum of its parts,
since the interactions between different components resulted
in many new physiological functions which cannot be observed
with individual components. These interesting interspecies-in-
teraction scenarios are the focus of this review.

ORAL MICROBIAL COMMUNITY

Oral Bacteria and Dental Plaque

It is generally recognized that the advent of microbiological
investigations began with the initial observations of bacteria by
van Leeuwenhoek (1632–1723) using his primitive microscopes
(57). In his notebook, he wrote “I didn’t clean my teeth for
three days and then took the material that had lodged in small
amounts on the gums above my front teeth. . . . I found a few
living animalcules.” The microbes sketched in his notebook are
now known as some of the most abundant bacteria in the oral
cavity, including cocci, fusiform bacteria, and spirochetes (Fig.
2). These fascinating observations at the birth of microbiology
signaled the complexity of the oral microbial community.

W. D. Miller was the next important individual who greatly
advanced oral microbiology. Practicing as a dentist, he spent
his evenings and weekends at Robert Koch’s laboratory for the
purpose of identifying the “germs” that were responsible for
tooth decay. In 1890, he published a book titled Microorgan-
isms of the Human Mouth (138). In this book, he proposed a
“chemicoparasitic” theory which suggested that dental plaque
was made of microorganisms. In susceptible hosts who fre-
quently consumed fermentable carbohydrates, microorganisms
within dental plaque would convert these carbohydrates into
acids, which would lead to the demineralization of teeth.

Building on Miller’s chemicoparasitic theory, extensive clin-

FIG. 1. Evolution of microbiological studies. Initial reductionism
included zooming in from complex multispecies microbial communi-
ties to isolated genes from individual species. This process was fol-
lowed by an expansion of scope based on the knowledge acquired
through reductionism to achieve a holistic view of the interactions of
different bacterial species and the multispecies communities in which
they reside.

FIG. 2. Oral bacteria observed by Anton van Leeuwenhoek and their contemporary equivalents. (a) The original drawings by van Leeuwen-
hoek. The bacterium designated A was later suggested to be a rod-shaped motile bacterium such as Campylobacter rectus (b) (photo courtesy:
National Research Council Canada); the highly motile species shown in his original drawing as B and moving quickly from C to D was likely
Selenomonas sputigena (c) (electron micrograph, modified from reference 123 with permission) (187), whereas E was proposed to be oral cocci (d)
(atomic force microscopy image). van Leeuwenhoek’s original drawing G was disputed as being either a Spirillum sp. (not shown) or an oral
spirochete such as Treponema denticola (e) (electron micrograph), and the long fusiform species designated F were proposed to be Leptotrichia
(Leptotrix) buccalis (f) (electron micrograph, modified from reference 117 with permission).
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ical evidence was later obtained, indicating the etiological role
of dental plaque in human oral diseases. Based on the loca-
tions relative to the gum line, dental plaque is generally divided
into supragingival plaque and subgingival plaque (148). The
supragingival plaque is known to be dominated by gram-posi-
tive streptococci, which are capable of building up microbial
communities on smooth tooth surfaces. These communities,
when fed the right metabolic substrate, are responsible for
dental caries (tooth decay) (19). The subgingival plaque is
known to be dominated by gram-negative anaerobic bacteria,
which establish their community within periodontal pockets
and are responsible for periodontitis (gum diseases) (149, 211).
Removing dental plaque, as initially recommended by W. D.
Miller, has been the cornerstone of the treatment and preven-
tion of dental diseases.

Microbial Composition of Dental Plaque

W. D. Miller tried very hard to study the microbial compo-
sition of dental plaque but without much success, largely due to
the limited bacterial isolation and culture techniques available
in the 19th century. However, great progress has been made
since then in understanding the microbial profiles within dental
plaques. From the initial isolation of Streptococcus mutans by
J. K. Clarke in 1924 to the latest large-scale 16S rRNA/DNA-
based oral bacterial studies (1, 22, 157), over 700 bacterial
species (gram-positive bacteria, gram-negative bacteria, and
archaea) have been identified from the human oral cavity,
making the oral microbial community one of the most complex
microbial floras in the human body.

Based on our current understanding, supragingival plaque is
dominated by gram-positive bacteria, including Streptococcus
sanguinis, S. mutans, Streptococcus mitis, Streptococcus saliva-
rius, and lactobacilli, while the subgingival plaque is made up
primarily by gram-negative anaerobic bacteria, such as Aggre-
gatibacter (Actinobacillus) actinomycetemcomitans, Tannerella
forsythia, Campylobacter spp., Capnocytophoga spp., Eikenella
corrodens, Fusobacterium nucleatum, Porphyromonas gingivalis,
Prevotella intermedia, and oral spirochetes such as Treponema
denticola (1, 140, 157). In both cases, the microbial communi-
ties on teeth and gingival tissues can accumulate high concen-
trations of bacterial metabolites (e.g., fatty acid end products,
ammonia, hydrogen peroxide, oxidants, and carbon dioxide) in
their local environments, which influence the bacterial species
within the microbial community, as well as the host (14).

Well-Organized Multispecies Microbial Communities
within Dental Plaque

By the “reductionism” approach, oral microbiologists were
initially hoping to understand dental plaque and its behavior
through defining its microbial composition, i.e., making the
connection between the behavior of specific oral bacterial spe-
cies within dental plaque and the behavior of intact dental
plaque. However, such hopes quickly evaporated, since from a
structural and functional point of view, dental plaque is not
merely the simple sum of its bacterial components. Instead, a
sophisticated microbial community is established, which results
in novel functions that are essential for biofilm architecture
and microbial physiology (127, 128).

From a structural point of view, dental plaque shows a high
degree of organization. During the process of dental plaque
formation, some oral bacteria are early colonizers that express
biochemical components allowing them to effectively adhere to
targeted tissues (teeth or periodontal tissue). The later colo-
nizers often contain components that enable them to adhere to
the early colonizers, often bringing metabolic or other com-
petitive advantages. Within an established dental plaque, spe-
cific bacterial species are often found located adjacent to each
other or mixed together to form unique structures that often
confer adherence or growth advantages. Previous comprehen-
sive reviews by P. E. Kolenbrander et al. should be consulted
for assessment of these important properties (95, 97).

From a microbial physiology aspect, oral microbial commu-
nities are classical examples of biofilms. Just as initially pro-
posed by Costerton et al., the behaviors displayed by oral
microbial organisms grown in liquid culture are very different
from those of the same organisms grown on a solid surface or
within a community such as dental plaque (24, 25). Many
studies have indicated that bacteria present in biofilms have
properties that are uniquely dependent upon such structures.
This is of significant medical interest, since a number of studies
have documented the increased resistance of oral bacteria
within dental plaque to antimicrobial agents relative to that in
planktonic growth (50, 60, 135). Additional confirmation of
these differences has been provided by numerous investiga-
tions examining gene expression and protein synthesis. This
has revealed that some properties of oral bacteria grown within
biofilms are distinct from those of comparable planktonic cul-
tures (7, 11).

Because of the multispecies nature of dental plaque, the oral
microbial community is one of the best biofilm models for
studying interspecies interactions (95). It is reasonable to as-
sume that the interactions between the oral microbial residents
may influence the properties of the whole community. In this
regard, oral microbial communities (biofilms) may represent a
micro example of the “Gaia” hypothesis (122); i.e., biofilms are
analogous to the planet Earth, where the properties of the
latter as a whole are determined by the interactions of all of
the residents as well as interactions of the populations with the
inanimate supporting structures.

Community-Based Microbial Pathogenesis

The successful isolation and characterization of microbial
species from dental plaque naturally prompted oral microbi-
ologists to connect specific bacterial species to certain diseases,
according to Koch’s postulates. For example, as a result of such
strategies, the acid-producing oral bacterium S. mutans present
in supragingival plaque was selected for its positive correlation
with dental caries (71, 120). However, additional scientific data
have suggested that such a simple correlation may be an over-
simplification. Unlike many known medical pathogens that are
“foreign invaders with specific virulence factors,” the oral
“pathogens” such as S. mutans are part of the normal flora (1).
While they express certain pathogenic factors (such as acid
production in this case), a dynamic balance of both synergistic
and antagonistic interactions with its neighboring bacteria
plays an essential role in determining whether these patho-
genic factors cause damage or not (92, 127). In other words, in
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the case of complex biofilms, it is not merely the presence of a
single organism in a complex community which determines the
properties of a biofilm, but it is the interactions between the
biofilm residents which is crucial. As an example, in the pres-
ence of nearby base-producing bacteria, S. mutans in dental
plaque may not be as pathogenic to the host. Thus, for dental
caries, it is now generally recognized that this disease results
not solely because of the presence of S. mutans or any single
organism in dental plaque. Rather, it is the result of the inter-
action of multiple acid-producing organisms such as S. mutans
with other biofilm residents (92, 127, 128). Such a community-
and microbial ecology-based pathogenic theory serves as a new
concept for understanding the relationship between dental
plaque and the host in health or disease, as well as suggesting
new strategies for disease treatment and prevention.

Multispecies communities like dental plaque can also pro-
duce polymicrobial infections in which microorganisms in-
teract in a synergistic fashion, leading to pathogenesis. Peri-
odontal diseases represent one of the best-documented
polymicrobial infections. P. gingivalis, Treponema denticola,
and Tannerella forsythia are strongly implicated clinically as
a pathogenic consortium in the etiology of adult periodon-
titis (48, 189). It is anticipated that a better understanding of
the mechanisms involved in periodontitis may provide op-
portunities to more critically evaluate the role of different
virulence factors involved in these mixed infections. This
may provide useful general information for investigators in
the development of novel diagnostic, preventive, and treat-
ment strategies against polymicrobial infections.

INTERACTIONS BETWEEN RESIDENTS IN
DENTAL PLAQUE

The oral cavity contains complex, multispecies microbial
communities. This suggests that the residents in this commu-
nity should display extensive interactions while forming biofilm
structures, carrying out physiological functions, and inducing
microbial pathogenesis. This review focuses on these interest-
ing interactions, which include (i) competition between bacte-
ria for nutrients, (ii) synergistic interactions which may stimu-
late the growth or survival of one or more residents, (iii)
production of an antagonist by one resident which inhibits the
growth of another, (iv) neutralization of a virulence factor
produced by one organism by another resident, and (v) inter-
ference in the growth-dependent signaling mechanisms of one
organism by another. In a micro-Gaia community, these inter-
actions could be envisaged as forms of “war and peace” among
the bacterial residents of a biofilm. The implications of such
effects are discussed below, especially in terms of lessons
learned from the study of oral biofilms.

Nutrients as the Basis for Bacterial Interspecies
Interactions within Biofilms

One important factor in determining the bacterial com-
position of a biofilm is clearly the availability of nutrients.
Organisms that have adapted to particular environments
such as the oral cavity have evolved metabolic pathways to
efficiently utilize the available nutrients in each specific eco-
logical niche. For the residents within oral biofilms, nutri-

ents are available from the periodic intake of food, saliva,
and nutrients provided by other organisms as well as poly-
saccharides present in dental plaque (8). Relevant to the
pathogenesis of dental caries is the demonstration that S.
mutans is able to metabolize sucrose more efficiently than
other common oral bacteria. This may be an important
factor in its role in becoming a resident in caries-associated
biofilms (71). With many human diets being composed of
significant proportions of sucrose, especially in developed
countries, S. mutans may have a competitive advantage rel-
ative to other oral bacteria. In addition, S. mutans’ rapid
conversion of sucrose to lactic acid also provides S. mutans
with an additional mechanism for competing with many
organisms due to its relatively strong aciduric properties
(41, 63). S. mutans’ ability to convert sucrose to adherent
glucan molecules also promotes the attachment of these
organisms to teeth (59). Bacteria lacking this property may
be nonspecifically trapped by these glucans into a develop-
ing plaque.

Porphyromonas gingivalis, one of the major etiological agents
of periodontal disease, often coexists with other periodonto-
pathic bacteria, such as Prevotella intermedia, F. nucleatum,
Tannerella forsythia, and Treponema denticola (43, 139–141). In
an early study, Grenier and Maryrand demonstrated cross-
feeding between P. gingivalis and T. denticola (65). They ob-
served that when grown in coculture, P. gingivalis can promote
its own growth by metabolizing the succinate produced by T.
denticola. In addition, isobutyric acid excreted by P. gingivalis
can stimulate the growth of T. denticola (64). In a more recent
study, Yoneda et al. demonstrated that cell extracts from both
F. nucleatum and T. forsythia can also stimulate the growth of
P. gingivalis, although the growth-promoting factors have not
yet been identified (213).

Another important nutrient source for oral bacteria are
the proteins present in human saliva (12, 176, 205) and
gingival crevicular fluid (66). These can be produced by oral
host tissues as well as by bacteria. Those organisms that are
highly proteolytic will have a competitive advantage for
growth under conditions where salivary proteins are a lim-
iting source of nutrients. Since this may be the case for
bacteria growing in subgingival dental plaque (below the
gum line), it is suggested that one of reasons why the gram-
negative anaerobic organism P. gingivalis can readily colo-
nize this region and is associated with periodontitis (inflam-
mation or destruction of gum tissue) is that it is a highly
proteolytic organism (132, 161). Other, relatively nonpro-
teolytic organisms that can colocalize with P. gingivalis in
biofilms may also benefit from the potent hydrolytic activity
of these organisms (31). Thus, it should be expected that
organisms which share such symbiotic relationships would
be found in close proximity within biofilms.

Synergistic or mutualistic interactions between two organ-
isms in biofilms that appear to be dependent upon saliva have
been demonstrated for Actinomyces naeslundii and Streptococ-
cus oralis (150). Either organism alone is a poor colonizer of
saliva-coated surfaces, but together they form extensive bio-
films on these same surfaces. This appears to result from the
combined metabolic activities of the two organisms in metab-
olizing salivary components.
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General Metabolic Products Which Influence
Biofilm Resident Interactions

It is also likely that the metabolic products (secondary me-
tabolites) of one organism have effects on other organisms
within the same biofilms. For example, dental plaque which
contains relatively high proportions of S. mutans generally
yields low levels of S. sanguinis strains (121). The former or-
ganisms can metabolize sugars to lactic acid, which is the stron-
gest acid product of most bacteria. Since S. mutans strains are
generally more aciduric than members of the S. sanguinis fam-
ily, the production of lactic acid favors the growth of S. mutans
relative to that of other oral streptococci (Fig. 3). On the other
hand, members of the S. sanguinis group are producers of
hydrogen peroxide, a nonspecific antimicrobial agent that has
an antagonistic effect on other coresidents, such as S. mutans,
which does not express effective systems for metabolizing this
toxic product (15, 73, 101). In addition, many anaerobic bac-
teria, including those which are associated with human peri-
odontitis, are also sensitive to the oxidant (80). Therefore,
relatively high proportions of S. sanguinis are generally found
in dental plaque with lower levels of S. mutans or periodonto-
pathic organisms such as P. gingivalis (75). Furthermore, the
presence of members of the S. sanguinis group in dental plaque
is generally correlated with low levels of periodontopathic or-
ganisms and thus is conducive to good oral health (75).

In addition to antagonistic effects, metabolic products of one
organism may promote the growth of other organisms. The
lactic acid produced by S. mutans can be readily metabolized
by members of the Veillonella family (137). It has also been

observed that Veillonella species are present in early develop-
ing dental plaque (151). More recently, it has been observed
that S. oligofermentans can also metabolize the lactic acid pro-
duced by S. mutans (201) (Fig. 3). S. oligofermentans was first
isolated from the dental plaque of caries-free human subjects,
and its abundance within dental plaque was found to be neg-
atively correlated with that of S. mutans. This noncariogenic
oral streptococcus was also shown to inhibit the growth of S.
mutans. The mechanism of this inhibitory effect is quite
unique. S. oligofermentans, using the enzymatic activity of lac-
tate oxidase, converts lactic acid, a normally growth-inhibitory
by-product secreted by S. mutans, into hydrogen peroxide, a
substance which is highly toxic to the latter organism (201).

Cooperative metabolic interactions are also suggested by the
observation that certain bacterial species can modify the local
microenvironment, making it more suitable for the growth of
other species. For example, it has been observed that F. nu-
cleatum and P. intermedia can grow at a wide pH range of 5.0
to 7.0, while P. gingivalis is susceptible to pH levels of below
6.5. A recent study by Takahashi demonstrated that by using
glutamic and aspartic acids, the two major amino acids from
crevicular fluid and saliva, as fermentation substrates, F. nu-
cleatum and P. intermedia can generate ammonia as well as
organic acids (195). This contributes to a more neutral pH in
dental plaque and prevents severe drops in pH even in the
presence of lactic acid bacteria and fermentable carbohydrates.
Thus, acid-sensitive species such as P. gingivalis are protected
against acid attack (195).

Other metabolic by-products which could influence the in-

FIG. 3. Illustration of interspecies interactions between Streptococcus mutans and selected oral streptococci that have been studied on a
molecular level. (a) Interactions of S. mutans with S. gordonii, S. oligofermentans, and S. sanguinis. Depicted is the production of lactic acid, mutacin,
and CSP, which also enhances mutacin production by S. mutans. Lactic acid has been found to inhibit proliferation of a variety of acid-sensitive
anaerobe species, but it was recently discovered to serve as a substrate for S. oligofermentans for H2O2 production. This compound is also generated
by S. sanguinis and was previously shown to inhibit growth of S. mutans. S. sanguinis and S. gordonii are sensitive to the mutacins produced by S.
mutans. In contrast to S. sanguinis, which can inhibit S. mutans by its ability to produce H2O2, S. gordonii utilizes challisin to reduce mutacin
production by reducing the levels of the stimulating factor CSP. The dashed arrow in combination with � indicates stimulation, solid arrows
symbolize production, and � in combination with � designates inhibition. The shaded area indicates the timing-sensitive interactions between S.
mutans and S. sanguinis illustrated in panel b. (b) Importance of timing for reciprocal inhibition of S. mutans (Sm) and S. sanguinis (Ss). Given
a 1-day growth advantage, S. mutans inhibits S. sanguinis via its mutacin production (upper panel), whereas S. sanguinis controls establishment of
S. mutans by its ability to generate H2O2 when given the same 1-day advantage (middle panel). Without the benefit to either of establishing itself
earlier, both species coexist without any apparent mutual inhibition (lower panel). For further details, see the text.
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teractions of bacteria within biofilms are the gases involved in
metabolism. Prime examples of this influence are the metab-
olism of oxygen and carbon dioxide. Highly anaerobic organ-
isms, such as those involved in periodontitis, proliferate in the
absence of high concentrations of oxygen. Therefore, organ-
isms which are able to metabolize oxygen would favor the
growth of nearby anaerobic organisms. Other than maintaining
an optimum pH in the microenvironment for P. gingivalis, F.
nucleatum also contributes to generating a reducing and cap-
nophilic microenvironment that is necessary for the growth of
P. gingivalis (39). Although both F. nucleatum and P. gingivalis
are strictly anaerobic bacteria, their susceptibilities to oxygen
are quite distinct. P. gingivalis is very sensitive to oxygen, while
F. nucleatum can tolerate oxygen levels of as high as 20%.
Interestingly, when cocultivated with F. nucleatum in chemo-
stat culture, P. gingivalis was able to grow even in gaseous
environments containing 20% oxygen. This is likely due to the
active NADH oxidase/peroxidase activity of F. nucleatum
which is able to metabolize both molecular oxygen and hydro-
gen peroxide, creating an optimum reducing microenviron-
ment for P. gingivalis. At the same time, F. nucleatum can also
satisfy the requirement for carbon dioxide for growth by P.
gingivalis (39).

Bacteriocins and Their Role in Interspecies Interaction
within Oral Biofilms

Bacteria are also able to generate products which may
exert either specific or nonspecific effects on other bacteria.
Prime examples of specific effects are those involving the
expression of bacteriocins by some bacteria. Bacteriocins
are proteinaceous toxins that have been found in all major
lineages of bacteria. Unlike traditional antibiotics, they of-
ten have a narrow killing spectrum and inhibit the growth of
related organisms (16, 23, 133, 168, 193). As this relates to
dental plaque, S. mutans strains have been shown to produce
a number of distinct bacteriocins, also termed mutacins (20,
163, 164). Of all the oral bacteria, streptococci have shown
the greatest capacity for bacteriocin production (147). In-
deed, many oral streptococcal species have been shown to
produce a variety of peptide bacteriocins. S. mutans is able
to produce at least five different bacteriocins, mutacins I to
V. Mutacins I, II, and III belong to the lanthionine-contain-
ing lantibiotics with a relatively broad antimicrobial spec-
trum, while mutacins IV and V are unmodified nonlantibi-
otics, with mutacin IV specifically active against members of
the mitis group of oral streptococci (20, 163, 164). A more
recent genome search of S. mutans strain UA159 revealed at
least nine other putative mutacin-encoding genes, suggest-
ing a large repertoire or “arsenal” that can be used against
its competitors (70). Numerous studies have suggested that
the mutacin activity of S. mutans could be related to its
prevalence and successful establishment in the dental bio-
film (101, 147). Some of these bacteriocins are also able to
inhibit the growth of S. sanguinis strains, and these inhibi-
tors may be responsible, in part, for the presence of rela-
tively low levels of S. sanguinis strains in plaque containing
high proportions of S. mutans (101). Thus, the expression of
bacteriocins by some biofilm residents may determine which
other organisms are coresidents in these structures.

Bacteriocins may also affect interspecies interactions by
acting as analogues of signaling molecules. For example, the
lantibiotic bacteriocins produced by Streptococcus pyogenes
and Streptococcus salivarius are structurally similar and can
interact with the two-component signaling systems of each
other (204). Both organisms can colonize mucosal surfaces
and may inhibit the growth of the other via antagonizing
growth-dependent signaling. In this manner, the commensal
S. salivarius strains may prevent biofilm formation by viru-
lent S. pyogenes strains.

It has also been suggested that antimicrobial agents other
than bacteriocins can have effects on the signal transduction
systems of some bacteria (77). Such agents include antibiotics
initially characterized as growth inhibitors. They may have
previously unrecognized signaling activity at sublethal concen-
trations. If this is true, such interactions could have effects on
the expression of virulence as well as biofilm-dependent genes.
These provocative possibilities should be amenable to investi-
gations with current biofilm model systems.

Many oral bacteria have been shown to use bacteriocin-like
compounds to compete with other species. Using overlay and
agar diffusion methods, Teanpaisan et al. demonstrated
the production of, and sensitivity to, bacteriocin-like activity
among 44 strains of black-pigmented anaerobes, including P.
gingivalis, P. intermedia, and Prevotella nigrescens, isolated from
periodontal sites (198). Subsequently, the same group isolated
and identified the genetic determinant for nigrescin, a 41-kDa
novel bacteriocin which is produced by P. nigrescens and dis-
plays a bactericidal effect against P. gingivalis, P. intermedia, T.
forsythia, and Actinomyces spp. (84).

Bacteriocin or bacteriocin-like activities have also been re-
ported and well documented for other oral bacteria, such as P.
intermedia (194), Capnocytophaga ochracea (145), A. actinomy-
cetemcomitans (72), Haemophilus influenzae (116), F. nuclea-
tum (56), and E. corrodens (2). However, their biochemical
properties and genetic determinants have not yet been well
characterized. Recently, the genome sequence of T. denticola
further revealed at least three potential bacteriocin secretion
systems, suggesting possible bacteriocin production by this spe-
cies as well (178).

Some recent molecular and genetic studies have revealed
that bacteriocin production is a well-regulated event which is
affected by both environmental conditions, such as cell density,
nutritional availability, and pH, and genetic factors (100, 101,
136, 162, 203). These regulatory systems ensure that bacterio-
cins are produced at the right time and place so that they can
be effectively used for “war and peace” activities within an oral
microbial community.

Microbial community stability can be achieved only when a
natural balance is established among different species within
the same biological niche, and this balance is often the result of
the constant “war and peace” activities experienced by all the
members of the biocommunity. The production of, and sensi-
tivity to, certain bacteriocin or bacteriocin-like activities among
oral bacteria could enable bacteria to select their neighbors,
promote the establishment of a community with specific bac-
terial species, and play an important role in the ecological
balance of the oral ecosystem.
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Other Biofilm Properties Influenced by
Bacterial Interactions

Several recent studies have further suggested that interac-
tions between biofilm bacteria could influence their relative
antimicrobial susceptibilities (85, 86). These results demon-
strated that in vitro biofilms containing both S. mutans and
Veillonella parvula were more resistant to the antimicrobial
agent chlorhexidine than were the monospecies biofilms of
either. Although the molecular basis for such increased resis-
tance was not determined, it was suggested that the clustering
of these two organisms within biofilms may be responsible for
this property.

Another strategy involving interactions affecting the antimi-
crobial susceptibility of a biofilm resident is exemplified by that
involving S. mutans and S. gordonii. These two commensal oral
streptococci are normally found in inverse proportions in den-
tal plaque (121). It has recently been demonstrated that S.
gordonii can antagonize several of the quorum sensing-depen-
dent mechanisms of S. mutans by inactivating the competence-
stimulating peptide (CSP) of the latter organism (209) (Fig. 3).
In addition, it was shown recently that the resistance of S.
mutans to a variety of antimicrobial agents was diminished by
inactivating the CSP (130). Thus, the presence of S. gordonii in
biofilms may antagonize the colocalization of S. mutans in
these structures by increasing the sensitivity of the latter or-
ganism to endogenous antimicrobial agents such as histatins, a
group of antimicrobial peptides often found in saliva. While
such a mechanism for antagonism has not yet been directly
demonstrated in vivo, it does indicate another possible out-
come of biofilm resident interactions.

Synergism between two or more different oral bacterial spe-
cies has been reported to enhance virulence in many animal
models. When coinfected with P. gingivalis and T. forsythia in a
murine abscess model, animals develop larger lesions and
higher mortality rates than after single-species infection (213).
Synergistic effects have also been reported between P. gingi-
valis and F. nucleatum (44, 49), P. gingivalis and T. denticola
(90), and P. gingivalis and A. actinomycetemcomitans (17) in
murine abscess models. Although cooperative metabolic inter-
actions might not be able to fully explain the enhanced viru-
lence of multispecies infections compared to monoinfections,
they could play an important role in obtaining increased
growth of pathogens, thus promoting the initiation and accel-
eration of the infection process.

Bacterial Interactions Influence the Localization of
Residents within Biofilms

The demonstration of a multitude of different possible in-
teractions between biofilm residents suggests that the net effect
of these interactions may influence the localization or colocal-
ization of certain organisms within the biofilm structure. For
example, using fluorescently stained cells, it was observed that
P. gingivalis colonized in vitro biofilms of S. gordonii especially
in regions where the latter organisms accumulated (103). This
observation is consistent with the known interactions between
these two organisms as described above. In addition, such a
correlation between in vitro studies and in vivo systems was
obtained with Veillonella species and streptococci (151).

A number of direct visualization studies have further indi-
cated that some organisms are clustered within biofilms and
are not randomly distributed (96, 98). This might occur as a
result of colocalization of the “pioneer” organisms of biofilms
by means of some of the positive interactions described above.
In addition, initial negative effects of one organism on another
may lead to relative sequestering of these organisms from one
another. Therefore, one would predict that in dental plaque, S.
mutans and S. sanguinis strains would be observed in distinct
clusters. However, this has not yet been directly demonstrated
within plaque in vivo.

Bacterial Coaggregation Influences Localization
within Biofilms

The clustering of organisms within biofilms can most readily
be rationalized for those organisms whose interactions are
mediated primarily by coaggregation. Beginning with the pio-
neering studies of Gibbons and coworkers (58), it was demon-
strated that a number of oral bacteria specifically aggregated
with each other but not with other organisms. For example,
strains of P. gingivalis were shown to aggregate with several
oral streptococci (185). It was also demonstrated that P. gingi-
valis could colonize biofilms composed of these oral strepto-
cocci both in vitro and in vivo. This suggested that this might be
an important mechanism whereby P. gingivalis could become
incorporated into dental plaque that was composed primarily
of the initial streptococcal colonizers. Subsequently, many
other coaggregating partners have been identified among oral
bacteria, as previously described (94).

P. gingivalis-oral streptococcal coaggregations augment the
ability of each organism to colonize into biofilms. However,
several recent investigations have demonstrated that some or-
ganisms which do not form biofilms by themselves, at least in
vitro, do so in the presence of other potential partners. The
oral treponeme T. denticola does not appear to form biofilms
on most inert surfaces (208), in contrast to P. gingivalis, which
does so readily. However, in the presence of the latter organ-
ism, the treponeme is incorporated into the biofilm. This
model appears to mimic the situation in subgingival dental
plaque, where T. denticola is found more external relative to P.
gingivalis (81). Similarly, the periodontopathogen T. forsythia is
a weak colonizer of inert surfaces but will become incorpo-
rated into biofilms in the presence of F. nucleatum (179). These
synergistic effects appear to be relevant to biofilm formation in
vivo, since both pairs of organisms are frequently found asso-
ciated in the same plaque samples (189).

Interactions Mediated by Signaling Molecules Influence
Biofilm Formation

Several approaches have demonstrated that signal transduc-
tion mechanisms may play a role in monospecies biofilm for-
mation (33, 34). Therefore, interference by other antecedent
biofilm residents that can metabolize or transport the signaling
molecules would antagonize biofilm formation by the produc-
ing organisms. No such interactions have yet to be demon-
strated for oral biofilm residents. Nevertheless, due to the
apparent ubiquity of the autoinducer 2 (AI-2) synthase gene,
luxS, in many different organisms (5), including oral bacteria
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(54), the quorum-sensing regulatory molecule AI-2 has been
suggested as a potential signaling molecule between heteroge-
neous bacteria within biofilms. A number of investigations
have shown the ability of an organism to complement luxS-
mediated defects in other species residing in oral cavity (214),
suggesting the interspecies nature of the AI-2 signaling mole-
cule. Recently, the AI-2 signaling molecule has been shown to
be required for mixed biofilm formation in vitro (134). In this
model system, the presence of AI-2 has been demonstrated to
be required for biofilm formation by P. gingivalis-S. gordonii
pairs. Therefore, luxS mutants of both strains are not able to
form mixed biofilms, while a mutation in either strain still
allows for such a property. As indicated above, such interac-
tions may be important in the incorporation of P. gingivalis into
early biofilms dominated by gram-positive organisms. In addi-
tion, it was demonstrated that AI-2 also mediates mutualistic
biofilm formation by S. oralis and A. naeslundii strains (167).
That study further indicated that there was an optimal concen-
tration of AI-2, above or below which biofilm formation was
suppressed. Thus, in at least two cases AI-2 appears to mediate
interactions which could occur within oral biofilms.

In a recent study, Merritt et al. found that deletion of luxS in
S. mutans abolished the production of the bacteriocin, mutacin
I, at high cell density (136). Through microarray analysis, a
putative transcription repressor annotated as Smu1274 in the
Los Alamos National Laboratory Oral Pathogens Sequence
Database was identified, which was strongly induced in the luxS
mutant. Characterization of Smu1274, which was referred to as
irvA, suggested that it may act as an inducible repressor to
suppress mutacin I gene expression. A luxS irvA double mutant
regained the ability to produce mutacin I, whereas a constitu-
tive irvA-producing strain was impaired in mutacin I produc-
tion. These findings suggest a role for quorum sensing in bac-
teriocin production, revealing a novel regulatory pathway for S.
mutans for conducting “war and peace” activities in an oral
microbial community.

Many of the oral streptococci, including S. mutans, S. gor-
donii, and S. sanguinis, express signal transduction systems
mediated by the CSP. These molecules appear to be highly
species specific, and the CSP of one organism is not likely to
interfere with the activity of another distinct CSP molecule.
Nevertheless, it has been demonstrated recently that some
strains of S. gordonii are able to inhibit CSP-dependent prop-
erties of S. mutans (209). This appears to be mediated by a
protease, challisin, expressed by S. gordonii. Challisin inacti-
vates the CSP produced by S. mutans (Fig. 3). This raises the
possibility that other highly proteolytic dental plaque residents
might also interfere with the signal transduction mechanisms
of the cariogenic streptococcus as well as other bacteria utiliz-
ing peptide signaling molecules. This has been demonstrated
for P. gingivalis, which is able to interfere with competence-
dependent transformation of S. mutans (B.-Y. Wang, personal
communication).

Signaling between the dental plaque residents S. gordonii
and Veillonella atypica has also recently been described using in
vitro biofilm systems (47). Although the identity of the signal-
ing molecule involved has not yet been demonstrated, these
studies documented the importance of colocalization in signal-
ing and the key role of localized concentrations of a signaling
molecule.

Genetic Exchange between Biofilm Residents

Another interaction which could have major consequences
for the physiology of biofilms as well as evolutionary conse-
quences is genetic exchange between biofilm residents. Such
interactions have been speculated upon for a number of years
now, and evidence for such exchanges has been gradually
emerging (35, 107). The accumulation of data cataloging the
genome sequences of multiple bacteria makes clear the ubiq-
uity of horizontal gene transfer in many ecological niches. It is
likely that the environment within biofilms, including dental
plaque, is conducive for genetic exchange because of the close
proximity of the residents.

Genome sequencing of some oral bacteria has also demon-
strated the presence of “pathogenicity islands” on the chromo-
somes of organisms such as P. gingivalis, with G�C ratios
distinct from the remainder of the chromosome (26). This
suggests the transfer of such specific genetic sequences from
other organisms into P. gingivalis. Very recently, using an in
vitro assay, Tribble et al. demonstrated that P. gingivalis is able
to transfer chromosomal DNA between different strains (202).
Although such exchanges have not yet been directly demon-
strated in dental plaque, the close proximity of bacteria in
these biofilms makes such interactions highly plausible. The
exchange of antibiotic resistance markers between oral bacte-
ria and transient bacteria destined for nonoral sites could also
have significant medical relevance.

Potential mechanisms mediating genetic exchange in bio-
films could include conjugation, transformation, and transduc-
tion. Conjugation involving oral streptococci was demon-
strated over 30 years ago, although it was not directly shown in
biofilms (109). Likewise, transformation of plasmids between
oral streptococci involving planktonic cultures has been docu-
mented (107). More recently, it has been shown with in vitro
biofilms that a shuttle plasmid present in T. denticola could be
transformed into S. gordonii. Therefore, it is reasonable to
speculate that chromosomal fragments could be exchanged
between naturally transformable oral streptococci residing in
biofilms. This has been further suggested by the demonstration
that the lysis of cells within in vitro biofilms of S. mutans
releases DNA fragments which can transform nearby intact
cells (111). Although transduction has been demonstrated in
individual oral bacteria (212), genetic exchange between dif-
ferent species mediated by bacteriophage has not yet been
observed. Because of these results with individual oral biofilm
bacteria, it is likely that genetic exchange can occur in dental
plaque.

One of the more fascinating examples regarding genetic
exchange in the oral bacterial community is the recent study
reported by Kreth et al. (100). In that report, it was observed
that S. mutans CSP induced coordinated expression of compe-
tence and mutacin production genes. In mixed cultures of S.
mutans and S. gordonii harboring a shuttle plasmid, plasmid
DNA transfer from S. gordonii to S. mutans in a CSP- and
mutacin IV-dependent manner was observed. Further analysis
demonstrated increased DNA release from S. gordonii upon
addition of the partially purified mutacin IV extract. On the
basis of these findings, it was proposed that S. mutans, which
resides in a multispecies oral biofilm, may utilize competence-
induced bacteriocin production to acquire transforming DNA
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from other species living in the same ecological niche. This
hypothesis is consistent with the well-documented observation
that great genomic diversity exists among different S. mutans
strains. This diversity may have resulted from extensive hori-
zontal gene transfer.

Modulation of Virulence Factors by Interspecies
Interactions in Biofilms

As indicated above, bacterial interactions can affect the
growth of individual organisms or groups of related organisms.
In addition, such interactions may have specific effects in terms
of the virulence properties of biofilm residents which could
influence the overall pathogenicity of such structures. In this
regard, organisms in dental plaque which are capable of neu-
tralizing the acidic end products of S. mutans would tend to
reduce the cariogenicity of these biofilms. As indicated above,
this could result from the metabolism of lactic acid or from the
production of alkaline end products. The latter could involve
the production of ammonia or expression of urease by some
plaque organisms (142). Since saliva normally contains signif-
icant levels of urea, the enzyme urease could convert this
substrate to ammonia.

The expression of virulence factors by bacteria is, in general,
tightly regulated. In some instances, such regulation is depen-
dent upon quorum-sensing mechanisms (153, 206). Such mech-
anisms have been shown either to be dependent upon specific
regulators such as those involved in streptococcal and Pseudo-
monas aeruginosa quorum sensing or to involve regulators such
as AI-2, which are expressed in a variety of organisms (18, 136,
153, 206). Therefore, biofilm organisms which could reduce the
relative concentrations of the regulatory molecules could also
have profound effects on the pathogenicity of individual bio-
films. For example, bacteriocin production by S. mutans has
been shown to be dependent upon the relative levels of its
quorum-sensitive regulator CSP (206). Bacteriocins can be
considered to be virulence factors because they can modulate
the growth of related noncariogenic streptococci (101), and
therefore, reducing the concentration of the S. mutans CSP in
biofilms could lead to a less cariogenic biofilm. Since noncario-
genic S. gordonii strains can inactivate the S. mutans CSP, the
presence of the former organism in biofilms could modulate
the virulence of these biofilms. In addition, it is likely that CSP
modulates other virulence properties of S. mutans (27, 115).

One of the virulence properties of the periodontopathogen
A. actinomycetemcomitans is the elaboration of a leukotoxin
(191). The expression of this protein has also been shown to be
dependent upon AI-2 levels (52). Therefore, coresident bacte-
ria which can reduce the levels of this signaling molecule could
influence the expression of this toxin. Although oral bacteria
which can inactivate AI-2 have not yet been identified, many
biofilm residents likely contain active AI-2 binding systems
(54). Therefore, the competition of biofilm organisms for lo-
calized concentrations of AI-2 could influence the virulence of
specific biofilms.

Influence of Host Factors on Oral Microbes

As a micro-Gaia system, the viability of biofilms is depen-
dent not only on interactions between the resident organisms

but also on interactions of these constituents with the nonmi-
crobial environment. One obvious influence on biofilms in
humans is the provision of potential nutrients by the host. In
the oral cavity, the continuous production of saliva by the
salivary glands provides a potential source of nutrients for
some oral biofilm bacteria. These oral fluids contain proteins,
glycoproteins, peptides, and minerals (calcium and iron) which
can stimulate the growth of oral biofilm residents (8). Gingival
crevicular fluid is another endogenous nutrient source. It con-
tains host proteins such as albumin, glycoproteins, and heme-
containing molecules. This source of nutrients greatly influ-
ences the microbes that reside in the subgingival crevice (66).
In addition, some of the glycoproteins in the oral fluids can
become incorporated into the tooth pellicle and may serve as
receptors for the adhesins of pioneer plaque-forming bacteria
(108). Thus, these molecules can play a major role in deter-
mining which organisms are able to colonize specific sites in
the oral cavity.

Bacterial accumulation at the gingival margin of teeth as a
result of poor oral hygiene can also lead to inflammation in the
surrounding tissue, provoking serum leakage into the oral cav-
ity. Red blood cells containing hemoglobin can serve as an
important source of hemin for some oral bacteria, such as P.
gingivalis (9, 181). Such leakage can be an important factor in
the conversion of dental plaque dominated by gram-positive
organisms into one containing large proportions of anaerobic
gram-negative bacteria such as P. gingivalis, which are associ-
ated with periodontitis.

Host tissues surrounding the oral cavity may also secrete
antimicrobial agents such as histatins (87) and defensins (30).
A number of oral bacteria, including S. mutans, have been
shown to be susceptible to the histatins produced by salivary
glands (160). However, some bacteria, including T. denticola,
have demonstrated resistance to specific defensins (10). Since
bacteria residing in biofilms are generally more resistant to
antimicrobial agents than their planktonic counterparts, it is
not yet clear if these endogenous antimicrobial agents play a
significant role in modulating the properties of oral biofilms.

Host cells lining the oral cavity may also secrete immune
modulators that could influence the properties of dental
plaque (32). Salivary secretions contain immunoglobulin A
antibodies produced from the secretory glands lining the oral
cavity. Some of these may be directed against antigens ex-
pressed by oral biofilm residents. However, it is not yet clear if
such antibodies can penetrate the plaque matrix to interfere
with bacterial properties. Nevertheless, the induction of such
antibodies as a result of passive or active immunization could
interfere with tooth colonization by potential oral pathogens
present in saliva and serve as a rational basis for the develop-
ment of anticaries or antiperiodontitis vaccines (93).

COMMUNITY-BASED ASSAYS: NEW TECHNIQUES FOR
STUDYING ORAL BIOFILM

Since the interactions between different components create
many new physiological functions that cannot be observed with
individual components, it is important to develop community-
based assays that allow researchers to identify the microbial
composition, multispecies architecture, and associated physi-
ology. However, for a long time, our understanding of the
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microbial world has been hampered by the intrinsic limitation
of the conventional culture-dependent methods. According to
Staley and Konopka, fewer than 1% of the organisms are able
to grow under laboratory conditions (192), suggesting that our
views of the complexity and genetic diversity of microbial com-
munities based on cultivation strategies are severely biased.
Fortunately, a number of DNA-based assays, such as 16S
rRNA gene sequencing, checkerboard, or genomic approaches
have helped to overcome this limitation, allowing us to obtain
a clearer picture of microbial communities in terms of their
structural complexity and genetic diversity.

16S rRNA Gene Sequencing Approaches

Woese and coworkers discovered almost three decades ago
that the conservation as well as the variation within the se-
quences of 16S rRNA-encoding genes allows for the construc-
tion of evolutionary trees for bacteria to the species level (53,
210). This finding in combination with the development of
PCR methods in 1985 opened the door for culture-indepen-
dent analyses and classification of previously unknown mem-
bers of many different microbial communities, including the
resident flora of oral biofilms (170, 196).

The first application of this cloning- and sequencing-based
method in the oral microbial field revealed an astonishing
diversity of largely uncultivated oral spirochetes present in a
single patient (21). The expansion of this approach to all bac-
terial species present in subgingival biofilms collected from a
broader patient pool with a diverse range of periodontal con-
ditions culminated in the discovery of more than 300 different
phylotypes (102, 157). Some of these newly recognized species
represented potential novel periodontal pathogens, since they
were detected predominantly in diseased sites. Additionally, a
study focusing on spirochetes revealed the presence of almost
60 different species of oral treponemes, most of which have yet
to be cultured (38). In later studies the inventory of oral bio-
films was extended to species growing on different oral surfaces
and in saliva (1, 88, 172, 173). An even greater species diversity
became apparent when patients with distinct conditions such as
human immunodeficiency virus infection (156) or suffering
from noma, a potentially fatal oral gangrene, were added
(158). 16S rRNA profiling was recently applied to assess the
role of oral bacteria in ventilator-associated pneumonia, which
affects more than a quarter of patients on respiratory support
(3). Interestingly, a study focusing on the normal flora of
healthy individuals was not undertaken until only 2 years ago
despite its importance in actually determining disease (1).
Compiling all of the data currently available, the bacterial
variety found colonizing the human oral cavity has now
reached more than 700 different species (155), many of which
are specific to a particular oral surface.

In addition to the studies described above, which created a
vast inventory of oral species, more focused approaches were
designed for the quantitative assessment of individual species
that would allow the identification of candidate (novel) patho-
gens as well as beneficial species (105). The same group per-
formed a thorough analysis of the species distribution during a
longitudinal study of periodontally healthy subjects as well as
patients with either improving or worsening periodontal
health. The microbial communities colonizing patients with no

significant change in their periodontal status, especially the
healthy ones, were found to be very stable, whereas disease
progression was accompanied by the largest shifts in species
composition (106). Previously suspected (novel) health- and
disease-associated species were confirmed through this study.

PCR-Based High-Throughput Approaches

The past decade has witnessed a virtual explosion in the
development of high-throughput tools for microbial commu-
nity analysis. Some of these methods directly examine nucleic
acids isolated from samples of microbial communities, such as
microarrays (186), while others are PCR based, such as dena-
turing gradient gel electrophoresis (DGGE) (146) or temper-
ature gradient gel electrophoresis (215), terminal restriction
fragment length polymorphism (T-RFLP) (118, 200), auto-
mated ribosomal intergenic spacer analysis (13), and denatur-
ing high-performance liquid chromatography (DHPLC) (4,
40). Most of these approaches were originally developed for
analyzing environmental microbial communities and have been
used to study human microbial ecology, including oral micro-
bial analysis.

DGGE. DGGE is a PCR-based approach for microbial com-
munity analysis, where marker genes (genes with both con-
served and variable regions, such as 16S rRNA genes) are PCR
amplified from DNA pools isolated from specific microbial
communities. PCR product mixtures with different sequences
are applied to DGGE, where DNAs with different sequence
compositions (GC content) will denature at different denatur-
ant concentrations and resolve into distinct bands on the gel,
resulting in a pattern of bands (51), with each band theoreti-
cally representing a different bacterial population present in
the community. The resulting profile reflects the structure of
the community, including its complexity and the relative abun-
dance of each detected species. If needed, bands of interest can
be excised from the gel, cloned, and sequenced to identify the
specific bacterial species.

DGGE has been widely used to analyze environmental mi-
crobial communities (42, 83, 146) and human microbial ecol-
ogy, such as the microbial flora in the gastrointestinal (61, 180,
216) and vaginal (36, 37, 166) tracts. It is a useful tool for
assessing the diversity of the microbiota associated with hu-
mans and can monitor the shift in microbial ecology under
certain pathogenic conditions (216). It also facilitates the iden-
tification of pathogens by comparing the community structures
in samples taken from patients and healthy individuals (166).

DGGE has also proven to be a useful tool for analyzing the
microbiota in the human oral cavity (112, 113, 165, 217). It was
used to conduct surveys of microbial diversity in human saliva
(112, 165) and to study oral bacterial community structure
associated with severe dental caries (114), endodontic infec-
tions (124, 182, 183), and periodontitis (55, 217), as well as to
evaluate the oral microbial changes after prophylactic treat-
ments (113). Due to its broad-range nature, this method facil-
itates the detection of previously unknown fastidious or uncul-
tivable microbial species (177), and it is less labor-intensive
than the traditional cloning methods. Like many other molec-
ular approaches, DGGE has limitations, such as the difficulty
in attaining reproducible results and quantitative analysis of
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the community. Nevertheless, it is a useful tool in studying and
analyzing the human oral microbiota.

T-RFLP. T-RFLP is an alternative molecular tool that has
been extensively used for the assessment of environmental
microbial communities and quick comparison of the complex-
ity and genetic diversity of different ecosystems (171, 200). Like
DGGE, T-RFLP is also a PCR-based approach, in which PCR
amplification of certain marker genes, such as 16S rRNA
genes, using fluorescently labeled primers results in PCR prod-
uct mixtures with fluorescent tags. Since marker genes ampli-
fied from different bacterial species might have variable se-
quences with different numbers of endonuclease restriction
sites at different positions, the hydrolysis of the PCR fragments
with certain endonucleases will produce a band pattern, or
“fingerprint,” characteristic of the microbial community stud-
ied. Since T-RF lengths can be predicted from known 16S
rRNA or other marker gene sequences, it is relatively easy to
create a database, and the results of each T-RFLP run can be
analyzed by matching and comparing peaks to an existing da-
tabase, thus facilitating the interpretation of the results.

Since its first application in analyzing microbial diversity in
1997 (118), T-RFLP has become one of the most useful tools
for studying environmental microbial communities and human
microbial ecology (110, 131, 171, 175, 199, 200). The past
decade has also witnessed the application of T-RFLP in the
assessment of the oral microbial flora, including characterizing
structural profiles of microbial communities in human saliva
(175), subgingiva (174), and infected root canals (78), as well as
monitoring the changes in the subgingival bacterial flora after
clinical treatment (174). However, because of its requirements
for powerful computational hardware, novel software, and
large databases, this approach has yet to reach its full potential.

DHPLC. DHPLC is a fairly new technology for microbial
community analysis. Like DGGE, it was originally used to
detect DNA sequence variation such as point mutations (79),
and it was first adapted by Domann et al. for analyzing the
microbial profiles in urinary tract specimens from the recipi-
ents of renal transplants (40). Since then, this technique has
been used to study genetic diversity and monitor population
changes in microbial communities (4, 61, 62).

DHPLC is a PCR-dependent method, like DGGE, in which
marker genes (such as 16S rRNA genes) are amplified by PCR,
and the separation of the PCR products using DHPLC is based
on the elution of heat-induced, partially denatured double-
stranded DNA from the cartridge matrix of the system. DNA
is first attached to the beads in the matrix by interaction with
triethylammonium acetate, an ion-pairing reagent which binds
more tightly to the double-stranded DNA molecules. At cer-
tain temperatures, DNAs with differing sequences experience
different degrees of melting, thus affecting their ability to be
retained on the matrix. When washed with gradient buffers,
PCR products with different GC contents (thus having variable
melting domains) display different retention times. DNA with
differing sequences will elute and pass through a UV detector
in a time-dependent manner, resulting in a unique “finger-
print” for each microbial community analyzed. DHPLC has
demonstrated high sensitivity and reproducibility in detecting
16S rRNA gene variants in the PCR mixture, as reflected by
the number and the intensity of peaks recorded in the samples.

It also allows for the identification of species of interest in the
sample by isolating and sequencing DNA collected from the
corresponding eluted fraction.

In the past decade, DHPLC has been successfully used for
profiling microbial communities (4), analyzing human intesti-
nal microbiota (61), and detecting clinically relevant microbial
species (62). Recently, this approach has been successfully
adapted in J. W. Costerton’s laboratory at the University of
Southern California for assessing the oral microbial flora (per-
sonal communication).

Ibis T5000, a high-throughput tool for analyzing microbial
communities. Recently, a new automated platform for patho-
gen identification and strain typing was developed and put on
the market (45). The Ibis T5000 universal biosensor is a unique
system for quick and accurate identification of different micro-
organisms in samples. This technology is based on the use of
broad-range primers to amplify PCR products from multiple
genomic regions of all the microbes within the sample, and the
unambiguous nucleotide base composition signature obtained
from mass spectrometry is used to identify the microbe(s) in
the sample (45).

Checkerboard Approaches

Around the same time that the 16S rRNA-based identi-
fications described above were first employed to study oral
microorganisms, Socransky et al. described the checker-
board DNA-DNA hybridization method, which revolution-
ized epidemiological studies in a manner similar to that of
whole-population 16S rRNA cloning and sequencing (190).
The checkerboard approach enables simultaneous profiling
of multiple species (up to 40) within the same plaque sample
and the processing of a large number of plaque samples on
the same blot in a semiquantitative manner. In the original
version of this method, DNA preparations of whole plaque
samples were fixed in lines across a nylon membrane with a
slot blot apparatus. These experimental samples were then
hybridized with labeled whole-genome probes of up to 40
different oral microorganisms that were placed on the blot
at a 90° angle with respect to the original lanes containing
the whole plaque samples. This hybridization pattern en-
sured that each plaque sample would be probed with each
species-specific probe.

This large-scale high-throughput screening approach was
applied to examine thousands of plaque samples collected
from hundreds of patients. The initial work by Socransky and
coworkers enabled the designation of distinct “complexes” that
are indicative of periodontal disease or health status (190).
Since then, a number of studies have taken advantage of this
relatively sensitive and efficient method to determine species
distribution profiles in a variety of different settings. Even
though the majority of studies focused on a more detailed
understanding of the biofilm composition contributing to peri-
odontal diseases (29, 144, 152), extensive analysis of other oral
surfaces was performed as well (125). The prevalence of cer-
tain species in health and disease was evaluated for a range of
oral infections (caries, periodontal, and endodontic infections)
and for certain systemic conditions (e.g., diabetes) (76) or
lifestyle choices (e.g., smoking) (68). In addition to the analysis
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of bacterial prevalence in a specific oral community, the out-
comes of therapeutic treatments were also compared (69).

The original “direct” checkerboard hybridization is limited
to the identification of cultivable species, since whole-genome
probes have to be used in order to ensure sensitivity and
selectivity as well as enable semiquantitative analysis of the
results. To overcome this limitation, PCR-based “reverse-cap-
ture” checkerboard hybridization was introduced (154). In this
modification, the 16S rRNA of any species of interest (culti-
vable or noncultivable) is PCR amplified and spotted on the
blots. Then, the 16S rRNA genes of the bacteria present in the
sample are PCR amplified with labeled universal primers and
serve as probes for the blots. The tradeoff for the ability to
examine the distribution of any species of interest is the loss of
sensitivity and quantitative assessment due to the amplification
step in the “reverse-capture” version of checkerboard hybrid-
ization. Nevertheless, this modified checkerboard approach
has been used in numerous large-scale studies ranging form
the detailed examination of different species of oral strepto-
cocci (154) to species profiles in early childhood caries (6).

In order to increase the number of species that can be
simultaneously identified in plaque samples during large-scale
studies, the human oral microbe identification microarray is
currently being developed. These microarrays can identify 200
different oral bacterial species and were recently shown to
reveal significant differences in the species profiles of subjects
with periodontal disease in comparison to healthy individuals
(155).

Genomic and Metagenomic Approaches

The availability of high-throughput DNA sequencing tech-
nology together with the rapid expansion of bacterial genome
data has now made it feasible to identify the primary bacterial
residents in a specific ecological site. This has recently been
accomplished for deep-sea samples (207) as well as for samples
from beneath the earth’s surface (159). Therefore, it is now
feasible to identify essentially all of the residents in dental
plaque as well as to compare those from healthy and diseased
sites. Currently, such an approach is in progress, and the re-
sults should become available in the next few years. It is an-
ticipated that such comparisons will assist in identifying poten-
tial pathogenic organisms which may not have been detected
using currently available technologies such as direct culturing
or 16S rRNA analysis. The latter technology has suggested that
there may be oral pathogenic or pathogenicity-associated
organisms which have not been detected up to now (104).

Genomic Expression Approaches

In addition to identifying pathogenic bacteria within a bio-
film, it is also important to identify the genes from such or-
ganisms which help define the virulence of biofilms. Such in-
formation is crucial in determining how the expression of such
genes is regulated and how this might be leveraged in novel
therapeutic approaches. In addition, it may be that the relative
level of a particular potential pathogen within a biofilm is not
the rate-limiting factor for pathogenicity but that this may
depend upon the relative expression of a particular set of
genes. This, in turn, could be dependent upon the presence of

other biofilm residents as described above. The identification
of key virulence genes would allow for an examination of how
they are regulated using in vitro and in vivo plaque model
systems in combination with transcription analyses. One could
then envision the development of limited microarrays contain-
ing key sets of virulence genes from a variety of different
potential pathogens which could be used to analyze the com-
plex interactions which likely occur within dental plaque under
distinct environmental conditions.

Beyond these DNA-based techniques, advanced biotechnol-
ogy has made possible additional culture-independent meth-
ods that are beyond the scope of this review. From monoclonal
antibodies to diagnostic proteins/peptides to nanotechnology,
many new community-based research tools are being devel-
oped and applied to oral microbial research. This will greatly
help us to better understand the oral flora structure and ge-
netic variation; allow for the identification of novel, yet-to-be
cultivated commensal or oral pathogens; and facilitate the elu-
cidation of the etiology of certain oral infectious diseases.

NEW APPROACHES FOR CONTROLLING
COMMUNITY-BASED ORAL MICROBIAL

PATHOGENESIS

Current dental therapy is focused primarily on removing
whole dental plaque. Since we now know that dental plaque is
made of large numbers of commensal bacteria together with a
limited number of oral pathogens, such an approach may not
be effective, since the “remove all and kill all” approach creates
niches for pathogens to repopulate the oral cavity. With our
better understanding of the oral microbial community, espe-
cially our understanding of the importance of the balance
between oral pathogens and commensal residents, there is now
interest in new approaches for selective inhibition of oral
pathogens and modulation of the microbial composition of
dental plaque to control community-based oral microbial
pathogenesis. In the past several years, oral microbiology has
become a leading area for developing these technologies,
which should also be useful for other community-based micro-
bial pathogenesis.

Inhibiting Adherence with Antagonists

An obvious approach to inhibiting the virulence of biofilms
would be to prevent the incorporation of potentially patho-
genic organisms into biofilms. A number of approaches have
been pursued to accomplish this in terms of human dental
caries. Since S. mutans strains are strongly associated with this
disease, reducing the colonization of these organisms on the
tooth surface should have a significant impact on the develop-
ment of dental caries. Several mechanisms are likely involved
in the attachment of these organisms to teeth, including non-
specific binding and physical trapping in the retentive surfaces
of teeth, specific interactions with components of the tooth
pellicle, and dietary sucrose-mediated glucan-enhanced attach-
ment (95, 97). In this regard, a cell surface protein of S. mutans
termed SpaP or Ag I/II has been identified as an adhesin which
interacts with the tooth pellicle (82). Furthermore, a dode-
capeptide analogue of the active binding site of SpaP which
inhibits attachment of S. mutans to teeth both in vivo and in
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vitro has been synthesized (89). Therefore, such analogues are
potential therapeutic agents which could be incorporated into
toothpastes or mouth rinses to reduce the incidence of dental
caries.

Since sucrose is an important factor in dental caries, the
utilization of sucrose analogues may have potential value in
reducing caries susceptibility (129). Likewise, the enzyme dex-
tranase, which reduces the synthesis of adhesive glucan mole-
cules from sucrose by S. mutans, has been incorporated into
toothpastes and has been suggested to reduce the incidence of
caries in children (91). However, at present, none of these
approaches has been introduced as a general therapeutic ap-
proach for controlling cavity formation.

Passive Immunization

One general approach for controlling bacterial pathogens
has been the attempt to develop specific vaccination strategies.
In the case of dental caries, this possibility has been investi-
gated for the past four decades (169). Despite promising re-
sults using experimental animal models, it appears unlikely
that active immunization approaches will be further pursued in
most developed countries because of economic and ethical
concerns. As an alternative to active immunization, passive
immunization strategies have been recently proposed (93).
However, it is unclear at present whether or not these ap-
proaches will lead to a general strategy for immunizing sus-
ceptible children against dental caries in the future.

Replacement Therapy

One interesting strategy which has been proposed in regard
to reducing the incidence of dental caries is that of the replace-
ment of cariogenic S. mutans by competitor noncariogenic
strains. This strategy, originally proposed and subsequently
developed by J. Hillman and colleagues (74), involves the in-
troduction of a noncariogenic S. mutans strain which produces
a bacteriocin active against other S. mutans strains into the oral
cavity to replace the naturally occurring cariogenic strains.
Both in vitro and animal model assessments of this strategy
suggest that it has utility in reducing tooth colonization by
cariogenic S. mutans strains (74). This approach is currently
awaiting evaluation for its efficacy in humans.

Regulating the Levels of Nonpathogenic Bacteria to
Influence Virulence

Since the incorporation of some organisms into biofilms is
dependent upon other antecedent biofilm residents, it may be
possible to identify such dependencies for specific pathogens
and target these antecedent organisms for elimination. Since
the incorporation of several gram-negative anaerobes involved
in periodontitis into biofilms appears to be partially dependent
upon ubiquitous F. nucleatum strains (97), strategies which
specifically prevent biofilm formation by the latter organism
could then influence the development of periodontitis. Like-
wise, enhancing the colonization and growth of organisms
which are known to antagonize the cariogenic potential of S.
mutans (S. gordonii, S. salivarius, etc.) should have similar

effects on dental caries development. However, it has not yet
been demonstrated that this is feasible in humans.

Probiotic Approaches

The strategy developed by Hillman and coworkers to replace
cariogenic S. mutans strains with a noncariogenic mutant also
depends upon bacteriocin (mutacin 1140) production by the
latter strain. This represents an example of a probiotic ap-
proach involving production of a bacteriocin effective against a
virulent bacterium.

Another potential probiotic approach for reducing dental
caries involves the utilization of oral streptococci which are
able to metabolize arginine or urea to ammonia (126). Since
such organisms naturally occur in dental plaque and therefore
qualify as GRAS (generally regarded as safe) organisms, it may
be possible to use these organisms in a probiotic approach for
controlling dental caries. Previous investigations in animal
models suggested that coinfection of rats with oral streptococci
such as S. salivarius TOVE-R and S. mutans did reduce dental
caries incidence relative to infection with the latter organisms
alone (197). However, since multiple interactions occur be-
tween oral streptococci, as described above, it is not clear how
this attenuation of caries development occurred.

Although there have been a few reports regarding the exis-
tence of bacteriocins which are active against gram-negative
anaerobes (84, 143), none that are active against suspected
periodontopathogens have yet been identified. If such bacte-
riocins with efficacy against these organisms can be identified,
it may be possible to genetically engineer GRAS organisms
to actively produce such bacteriocins for incorporation into
dietary supplements as a means of controlling periodontitis.

Previously, it was demonstrated that the presence of organ-
isms associated with periodontitis was markedly reduced when
members of the sanguis group of streptococci were present
(75). This antagonistic effect was likely due to the active pro-
duction of hydrogen peroxide by the latter organisms. These
properties are consistent with the observed inverse proportions
of oral streptococci relative to gram-negative anaerobes found
in dental plaque (99). Thus, the deliberate implantation of
specific oral streptococci or the encouragement of their growth
in dental plaque can be considered to be a probiotic approach
for encouraging the shift from a pathogenic to a nonpatho-
genic biofilm.

Interference with Signaling Mechanisms

As indicated above, a number of laboratories have demon-
strated that several pathogenic properties of S. mutans are
regulated by quorum-sensing mechanisms involving CSP as the
signaling molecule (27, 206). Therefore, the presence of or-
ganisms which interfere with such signaling may have a bene-
ficial effect in terms of dental caries. As described above, S.
gordonii was demonstrated to interfere with quorum sensing in
S. mutans by inactivating the CSP of the latter organisms (209).
Therefore, this may be one of the mechanisms employed by S.
gordonii in interfering with the virulence of S. mutans in animal
models. Thus, GRAS organisms such as S. gordonii may prove
useful in probiotic approaches for controlling dental caries.

Also as indicated above, the AI-2 signaling molecule can
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modulate the virulence properties of several bacteria, includ-
ing biofilm formation. However, the ubiquitous occurrence of
quorum-sensing mechanisms mediated by such regulators in
many organisms suggests that it may be difficult to utilize AI-2
antagonists or agonists to target specific pathogens. In addi-
tion, it is likely that local gradients of AI-2 occur within bio-
films, and exogenous alteration of these levels would also likely
alter the interactions between the resident bacteria. Therefore,
it is difficult to predict what overall effects such alterations
would have on biofilms. For these reasons, it would be more
reasonable to exploit regulatory mechanisms which are specific
for targeted pathogens, i.e., quorum sensing in S. mutans me-
diated by its specific CSP, to target pathogenic bacteria in
biofilms.

Targeted Antimicrobial Therapy via a Novel
STAMP Technology

Eckert et al. (46) reasoned that, with the exception of a
limited number of pathogens, the majority of microorganisms
within the indigenous oral microflora are benign or beneficial.
Currently available antimicrobials exhibit broad killing spectra
with regard to bacterial genus and species. Indiscriminate kill-
ing of microbes by these conventional antimicrobials disrupts
the entire ecological balance of the indigenous microbial flora
and may result in negative clinical consequences. These inves-
tigators developed a novel technology for a new class of anti-
microbials called specifically targeted antimicrobial peptides
(STAMPs). A STAMP is a fusion peptide with two moieties: a
killing moiety made of a nonspecific antimicrobial peptide and
a targeting moiety made of a species-specific binding peptide.
The targeting moiety provides specific binding to a selected
pathogen and facilitates the targeted delivery of the attached
antimicrobial peptide. In one of their recently published pa-
pers (46), they explored the possibility of utilizing a phero-
mone produced by S. mutans, namely, CSP, as a STAMP tar-
geting domain to mediate S. mutans-specific delivery of an
antimicrobial peptide domain. They discovered that STAMPs
constructed with peptides derived from CSP were potent
against S. mutans grown in liquid or biofilm states but did not
affect other oral streptococci tested. Further studies showed
that an 8-amino-acid region within the CSP sequence was
sufficient for targeted delivery of the antimicrobial peptide
domain to S. mutans. The STAMPs were capable of eliminat-
ing S. mutans from multispecies biofilms without affecting
closely related noncariogenic oral streptococci, indicating the
potential of these molecules to be developed into “probiotic”
antibiotics which could selectively eliminate pathogens while
preserving the protective benefits of a healthy normal flora.
This proof-of-principle demonstration utilizing S. mutans sug-
gests that it may be possible to develop other STAMPs which
are specifically targeted to other biofilm pathogens.

CONCLUSIONS

Although this review is focused on oral microbial commu-
nities, it is now clear that many of the specific bacteria which
are of medical and environmental concern reside in similar
multispecies biofilm structures. Since most of these are present
in heterogeneous biofilms, of which oral biofilms appear to be

among the most complex, it is likely that these micro-Gaia
communities exhibit properties which are dependent upon how
the resident organisms interact. Information from the study of
both oral and nonoral biofilms over the past decade has sug-
gested a wide variety of such interactions. Interactions involv-
ing potential human pathogens as well as environmentally sig-
nificant organisms are therefore of prime importance in this
regard. Our ability to both identify the resident organisms in
biofilms and decipher the interactions involving key compo-
nents of these biofilms has rapidly increased within the past
decade. Nevertheless, it is recognized that our understanding
of the interactions which occur between biofilm residents is still
in its infancy. Continued expansion of such information in the
near future will be dependent on the development of new
technologies designed to simultaneously identify multiple
properties within biofilms. Such information could then serve
as a basis for exogenously modulating the interactions between
biofilm constituents, resulting in novel approaches for control-
ling biofilm activities.
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